Heparinase I from Flavobacterium heparinum has important uses for elucidating the complex sequence heterogeneity of heparin-like glycosaminoglycans (HLGAGs). Understanding the biological function of HLGAGs has been impaired by the limited methods for analysis of pure or mixed oligosaccharide fragments. Here, we use methodologies involving MS and capillary electrophoresis to investigate the sequence of events during heparinase I depolymerization of HLGAGs. In an initial step, heparinase I preferentially cleaves exolytically at the nonreducing terminal linkage of the HL-GAG chain, although it also cleaves internal linkages at a detectable rate. In a second step, heparinase I has a strong preference for cleaving the same substrate molecule processively, i.e., to cleave the next site toward the reducing end of the HLGAG chain. Computer simulation showed that the experimental results presented here from analysis of oligosaccharide degradation were consistent with literature data for degradation of polymeric HLGAG by heparinase I. This study presents direct evidence for a predominantly exolytic and processive mechanism of depolymerization of HLGAG by heparinase I.
Heparin-like glycosaminoglycans (HLGAGs), such as heparin and heparan sulfate, are acidic polysaccharides, which are ubiquitous in the extracellular matrix and at cell surfaces (1) . They are used extensively as anticoagulant drugs, and they play a central role in modulation of cell signals (2, 3) . Commercial preparations of HLGAGs have 20-40 disaccharide repeat units (1) . Individual disaccharides comprise an N-acetylated glucosamine and a glucuronic acid, which have been modified to a varying degree by deacetylation, sulfation, and isomerization of glucuronic acid to iduronic acid. These modifications control the specificity of HLGAG functions and make the molecular analysis of HLGAGs a daunting task (3, 4) .
HLGAG-degrading enzymes are useful tools to investigate the composition and sequence of HLGAGs (4) . Among the HLGAG-degrading enzymes, heparinase I from Flavobacterium heparinum has been studied most thoroughly biochemically and furthermore has been found to have important clinical applications (5) . Heparinase I cleaves the glucosamine-uronic acid glycosidic bond of HLGAGs by an eliminative mechanism, leaving the uronic acid with an unsaturated C4-C5 bond (5) . The substrate specificity of heparinase I, and of the similar heparinases II and III from F. heparinum, has been defined by a trisaccharide sequence containing the scissile glucosamine-uronic acid linkage; thus, heparinase I cleaves H NS,6X -I 2S ͞G 2S -H NS,6S , ¶ heparinase II H NY,6X -I 2X ͞ G 2X -H NY,6X , and heparinase III H NY,6X -I͞G-H NY,6X , in which Y can be sulfated or acetylated and X can be sulfated or unsubstituted (6, 7) .
Although the heparinase I substrate specificity is well understood based on the monosaccharides flanking the cleavable linkages, less is known about the sequence of events during enzymatic depolymerization of HLGAGs: The enzyme might cleave exolytically at either the reducing or the nonreducing end of the substrate. Alternatively, the enzyme might cleave each linkage that meets the above mentioned specificity criteria with equal probability (random endolytic cleavage) (8) . Subsequent to the initial (exolytic or endolytic) cleavage of a substrate molecule, the enzyme may cleave processively, i.e., proceed to cleave the same substrate molecule several times before releasing it into solution, or the enzyme may cleave nonprocessively by releasing the substrate immediately after cleavage. For heparinase I, as well as for several other polysaccharide lyases, it has been difficult to unambiguously assign an endolytic or exolytic cleavage mechanism (5) . It has been proposed that heparinase I acts by an entirely random endolytic mechanism (9, 10) or in a specific endolytic manner followed by processive cleavage (8) . We suggested previously (5) that ambiguities in the exolytic͞endolytic cleavage pattern might be explained by a subsite model in which the substrate binding domain of the enzyme would have a set of subsites, each of which interacts with a disaccharide repeat. Variations in the intrinsic binding energy for each subsite might explain different product profiles and degrees of processivity. This and similar models may provide a link between kinetic data (10, 11) and our biochemical studies of the enzyme active site (12, 13) . However, as of yet, there has been no direct experimental investigation of any potential specificity of heparinase I for the reducing or nonreducing end of the substrate.
Understanding the mechanisms of HLGAG depolymerization by heparinase I has been limited by the polydispersity and chemical heterogeneity of the substrates and by the scarcity of suitable analytical techniques for identification and quantitation of oligosaccharide intermediates larger than tetrasaccharides. In the accompanying paper by Rhomberg et al. (14) , we report advances in the methodology for analyzing HLGAGs by matrix-assisted laser desorption ionization MS (MALDI MS) and capillary electrophoresis (CE), extending previous work (15) . These techniques allow time-resolved determination of relative abundance of substrate and products during enzymatic depolymerization of homogeneous oligosaccharide substrates (up to at least decamers), which are typically available only in very small quantities. In the present study, we use results obtained by a combination of these MALDI MS and CE techniques to investigate heparinase I function. We use information on the formation and disappearance of specific substrates, intermediates, and end products to provide direct evidence for the enzymatic depolymerization mechanism of heparinase I.
MATERIALS AND METHODS
Materials. Oligosaccharide H1 was a gift from D. Tyrrell of Glycomed (Alameda, CA). Substrates O2, D3, and D4 kindly were provided by R. J. Linhardt after repurification by R. Hileman of the University of Iowa. Derivatization of decasaccharide D3 with semicarbazide was carried out as described in the accompanying paper (14) and resulted in a mass change of 56.07 units. Heparinase I was derived from F. heparinum cultures.
Enzymatic and Analytical Methods. Enzymatic reactions were carried out in ethylenediamine͞acetic acid buffer as described (14) . The enzyme-to-substrate ratio was Ϸ1:1000. For MALDI MS, analytes were mixed with a solution of (arg-gly) 15 and caffeic acid and dried (14) . For CE analysis, aliquots of the reaction mixture were sampled automatically at various time points, and the separation was monitored by UV detection (14) .
Reaction Modeling. The rates of the reactions involved in octasaccharide O2 digestion were approximated by first-order kinetics (16) because the substrate concentration was below the Michaelis-Menten constant (K m ) of heparinase I for oligoor polysaccharide substrates (11) . The differential equations derived for the time rate of change of concentration of each of the five components were solved analytically by using standard methodologies. The parameters p (processivity fraction), int (internal cleavage fraction), k (rate of O2 digestion), and the initial and final concentration of O2 were fitted to experimental data by using Sigma Plot.
Computer Simulations. A MATLAB algorithm was written that simulates the mass-average molecular weight (MW m ) and cumulative product formation during degradation of polymeric HLGAGs. The progression of reaction is modeled iteratively. At the beginning of each iteration, the enzyme is considered associated to the nonreducing end of products of the previous iteration, which may become substrates of the next iteration. A fraction, block , of these substrates will have a noncleavable linkage next, and the enzyme will immediately release from them. Of the remaining enzyme-bound substrates, some (determined by p for the appropriate substrate length) will cleave the next bond processively, whereas the others will be released from their substrates. The total amount of released enzyme will encounter and cleave the available substrate molecules according to the exolytic͞endolytic specificity, expressed by int (the probability of cleaving an internal linkage relative to the probability of cleaving the terminal linkage at the nonreducing end). Finally, the profile of massaverage molecular weight vs. cumulative product formation is calculated. Experimentally observed values for changes in solution viscosity and A 232 absorbance during heparin degradation (10) were converted to changes in MW m and cumulative product formation by linear relationships as described (16, 17) and were compared with the simulated values.
Details of the algorithm are described elsewhere (16) . In brief, a vector, c, records the concentration of individual oligosaccharides where the first entry corresponds to disaccharides, the second to tetrasaccharides, etc. Similarly, concentration of enzyme-associated oligosaccharides is described by the enzyme vector e. The kinetic information is contained in a processivity vector, p (each element corresponds to p for a product of that length: 0 for disaccharides and tetrasaccharides, p for all others) and in an encounter matrix, E, which, for the first step of enzymatic cleavage, gives the relative probabilities of cleaving a substrate (identified by the row number i) at a given bond (identified by the column number j). The reactions taking place during a given iteration are expressed as a matrix, R, with the elements R i,j denoting the reaction rate for cleavage of substrate of length i at bond number j. These matrix elements are calculated by Eq. 1.
The first term represents primary encounters between free enzyme (E free ) and substrate (appropriately weighted by the concentration of substrates at the various lengths), and the second term represents processive reactions and applies only to cleavage at the first bond at the nonreducing terminus, i.e., when j ϭ 1. Finally, the oligosaccharide concentration vector is updated by subtracting cleaved substrates and adding the two newly formed products. This updated concentration vector is used to calculate MW m and the cumulative product formation at that iteration. The full program accounts for oligosaccharides that are blocked at the nonreducing end by a second concentration vector and a second encounter matrix, which is identical to the first encounter matrix, except that it has zeros in the first column to reflect the blocked, nonreducing end of these substrates. These additional parameters are treated identically to the original concentration vector and encounter matrix, as described (16) .
RESULTS AND DISCUSSION
Framework for Heparinase I Mechanism. The results of this study are interpreted in the framework of a two-step mecha- Table 1 ) were identified and quantified to determine the heparinase I preference for exolytic cleavage at the reducing and nonreducing ends and for investigating the degree of processivity of heparinase I. Fig. 1 shows a schematic illustration of the substrates used in this study and the heparinase I-catalyzed depolymerization reactions that are discussed. Tetrasaccharides that contain cleavable linkages are degraded orders of magnitude slower than longer substrates (11, 14) and can be considered essentially uncleavable at the time scales of these experiments.
Processivity. Substrates that contain multiple cleavable linkages adjacent to each other can be used to probe the processivity of an enzyme because all adjacent susceptible bonds should be cleaved before the substrate is released. If the enzyme cleaves only once before releasing the substrate, intermediates with only one of the linkages cleaved by heparinase I should be observable. O2, D3, and D3 d represent such substrates [D3 d is identical to D3, except that the reducing end has been derivatized to form a semicarbazone group (14)]. In the case of O2, nonprocessive cleavage at the external linkage (reaction A1.1) should lead to formation of hexasaccharide H10, and in the case of D3, nonprocessive heparinase I cleavage at a terminal linkage (reducing or nonreducing) should lead to formation of O11. Neither of these two heparinase I degradation products can be observed in the CE electropherogram for O2 (Fig. 2) nor in the MALDI MS spectra for O2 (14) and D3 (Fig. 3) . These observations point to a strong preference for processive cleavage by heparinase I. This conclusion is supported further by the enzymatic cleavage products formed from the derivatized D3 d (see below).
Exolytic or Endolytic Cleavage? O2 contains two heparinase I-cleavable linkages, one internal and one terminal. Heparinase I cleavage at the terminal linkage, if fully processive (reaction A1.2), would lead to only disaccharide Di6 and tetrasaccharide T9, whereas cleavage at the internal linkage (reaction A2) would lead to T9 and T5. The substrate and these three products were identified and quantitated by using CE (Fig. 2) . As stated above, heparinase I cleavage of this substrate is mainly processive (reaction A1 immediately proceeds to reaction A1.2). The ratio of T5 to T9 (R T5͞T9 ) can be used to determine the relative rates of cleavage by reactions A1 and A2. For exclusive cleavage at the internal linkage, R T5͞T9 would approach 1.0, whereas for exclusive exolytic cleavage, R T5͞T9 ϭ 0. From the data in Fig. 2 , R T5͞T9 ϭ 0.05 is calculated. Thus, the rate of internal cleavage in the initial step is Ϸ5% of the rate of terminal cleavage, indicating that heparinase I is predominantly exolytic but that it has a small probability of endolytic cleavage.
Which End Is Most Susceptible to Exolytic Cleavage? Two of the substrates contain heparinase I-cleavable linkages at the reducing end (D4 and D3) and can be used to determine whether heparinase I cleavage at the reducing end is preferentially exolytic, as it was shown above to be at the nonreducing end. D4 contains two heparinase I-cleavable linkages at the reducing end and two uncleavable linkages at the nonreducing end. Digestion with heparinase I leads to formation of the (14) . O2 (hollow diamond) is degraded to form tetrasaccharides T5 (solid square) and T9 (solid diamond) and disaccharide Di6 (hollow square). Lines indicate best fit to reaction model (see text). The curve corresponding to O2 approaches a nonzero value due to the presence of an uncleavable impurity, also observed in the MS analysis of this substrate, as described (14) . heparinase I-uncleavable H12 and T5, whereas no O13 is observed (Fig. 4) . Cleavage at the internal linkage (reaction C1) would result in a product ratio of H12-to-T5 of R 12͞T5 ϭ 1, whereas cleavage at the terminal linkage at the reducing end followed by cleavage of the resulting O13 (reaction C2) would lead to R 12͞T5 ϭ 0. Taking into account that the ionization efficiency of H12 is approximately twice as high as that of T5 and assuming that the de-sulfated tetrasaccharide observed in Fig. 4 arises from the reducing terminus of a lesser sulfated decasaccharide impurity of the substrate, it can be concluded that the ratio of formation of H12 and T5 is close to 1. Hence, the rate of cleavage at the internal linkage relative to the rate of cleavage at the terminal linkage at the reducing end is very high. D3 d has four heparinase I-cleavable linkages and can be used to assess the relative frequency of exolytic cleavage at the nonreducing (leading to nonderivatized Di6) and reducing (leading to derivatized Di6 d ) ends. With D3 d as the substrate, no derivatized disaccharide was formed (Fig. 5) , indicating a strong preference for exolytic cleavage at the nonreducing end.
Taken together with the above mentioned results for cleavage of O2, which has two cleavable linkages at the nonreducing end of the substrate, we can conclude that, at the nonreducing end, heparinase I initiates cleavage in a highly exolytic manner (with only 5% probability of endolytic cleavage at each internal linkage), while at the reducing end, heparinase I cleaves in a preferentially endolytic manner at the first internal bond. Given a substrate with cleavable linkages at both ends, heparinase I cleaves the nonreducing end exolytically much faster than it cleaves at the reducing end. This result is consistent with previous results for degradation of the substrate H1, which was cleaved preferentially at the exolytic linkage toward the nonreducing end (14) .
Digestion of Internal Linkages in Decasaccharides D3 and D3
d . The products formed from digestion of the homogeneous D3 (and its derivatized counterpart D3 d ) reveal subtleties with respect to cleavage of internal linkages in HLGAG oligosaccharides. For the underivatized D3, the MALDI MS spectrum shows a H8 peak of approximately one-third the height of the T5 peak (Fig. 3) . Given the two-fold difference in ionization efficiency (14) , this corresponds to an approximate 1:6 ratio of H8-to-T5 in the reaction mixture. H8 could arise from either of two pathways: It could be generated by nonprocessive cleavage at either of the first two linkages at the nonreducing end (reactions B1 or B2 not completed), or it could arise from nonprocessive internal cleavage at the third bond (reaction B3), with immediate release of the products. The first pathway involves lack of processivity in the direction of the reducing end, whereas the second pathway involves lack of processivity in the direction of the nonreducing end. Hence, the latter pathway is consistent with the results so far, which have suggested high preference for processive cleavage in the direction of the reducing end but have shown no evidence for processivity in the direction of the nonreducing end. Thus, these data suggest that the main cleavage pattern is initially exolytic at the nonreducing end and then processive toward the reducing end; however, some side reactions take place at internal bonds in the initial step.
This assessment also is supported by results for the derivatized D3 d . For this substrate, the ratio of derivatized to underivatized decasaccharide was R deriv.͞underiv. ϭ 3.1 (Ϯ0.3) (14) . The main products from degradation, which can be observed by MS, are T5 and T5 d (Fig. 5) . Throughout the reaction, R deriv.͞underiv. for these tetrasaccharides was constant at 2.0 (Ϯ0.2). Thus, a relative enrichment of the underivatized tetrasaccharide by digestion had taken place, indicating some endolytic cleavage. Each of the two initial endolytic cleavage reactions (reactions B2 and B3) will lead to the ultimate formation of two tetrasaccharides, one from the nonreducing end (which will always be underivatized) and one from the reducing end (which will have R deriv.͞underiv. ϭ 3.1 just like the original substrate). Thus, to achieve a final ratio of derivatized tetrasaccharide R deriv.͞underiv. ϭ 2.0, the rate of initial endolytic cleavage must have been 0.14 (Ϯ0.06) times the rate of initial exolytic cleavage [because 2.0 ϭ 3.1͞ (1 ϩ 0.14⅐(3.1 ϩ 1) ]. This number is the aggregate rate of endolytic cleavage at both internal sites, which may explain why it is larger than the 5% probability of cleavage at the single susceptible internal site of O2, determined above.
Finally, minor peaks of H8 d and H8 were observed. These hexasaccharides could either be formed by nonprocessive cleavage at the second linkage (reaction B2), which would result in a 76% derivatized H8 d , or by cleavage at the third linkage (reaction B3), which would result in underivatized H8. Proc. Natl. Acad. Sci. USA 95 (1998) Significantly, the underivatized H8 was consistently more abundant than the derivatized H8 d , indicating that the hexasaccharide is formed predominantly by cleavage at the third linkage with immediate release of H8 at the nonreducing side of the cleaved bond. Furthermore, cleavage at the second linkage (reaction B2), according to the previous results, would be followed by processive cleavage at the third linkage, leading to an underivatized T5, an underivatized Di6, and a derivatized T5 d . Taken together, the observations are consistent with the mechanism being initially exolytic cleavage at the nonreducing end (with Ϸ5% endolytic cleavage at each internal bond) followed by processive cleavage in the direction of the reducing end. However, the ratio (R T5͞H8 ) of formation of T5 to formation of H8 from the underivatized, homogeneous D3 substrate is Ϸ6 (Fig. 3) . R T5͞H8 should be Ϸ20 if H8 was generated exclusively by cleavage at the third bond (reaction B3) and the mechanism was strictly processive toward the reducing end. Thus, a value of R T5͞H8 Å 6 indicates that the processivity is only Ϸ90% complete. This conclusion is consistent with the other data. For example, our experiences with the MALDI MS methodology indicates that small amounts of side product (for instance 10% relative abundance of a hexasaccharide from degradation of O2) may fall below the analytical detection limit (14) . Also, the fact that oligosaccharides that are isolated from heparinase I reaction mixtures may still contain heparinase I-cleavable linkages at the nonreducing end (like substrates O2 and D3) indicates that the mechanism involves endolytic and nonprocessive side reactions.
Digestion of Polymeric Heparin. The results from oligosaccharide studies have pointed to a heparinase I mechanism, which is primarily exolytic and processive. It is of interest to investigate whether this result is general for cleavage of polymeric HLGAGs, such as commercial heparin; however, the analytical techniques used here are limited by the substrate size (14) .
The shape of a plot of mass-average molecular weight (MW m ) (measured as viscosity) vs. cumulative product formation (measured as A 232 ) for degradation of polymeric heparin depends on the mechanism of cleavage and can be simulated computationally (8, 9 ). An initial steep drop in MW m relative to product formation indicates endolytic cleavage, and a decreasing curve indicates exolytic cleavage. To probe how well the results obtained for degradation of oligosaccharide substrates can be extrapolated to degradation of polymeric heparin, we constructed a mathematical model of polysaccharide degradation that can be compared with viscosity and A 232 data obtained during heparin depolymerization.
The inputs to the model are the starting MW m and size distribution of the substrate, the relative rates of initial cleavage as a function of linkage position relative to the nonreducing end, the degree of processivity, and the frequency and distribution of noncleavable linkages in heparin. Given the semi-quantitative nature of the MS data, only approximate numbers were used. The purpose of this simulation was to establish whether the general conclusions from the oligosaccharide studies are consistent with data for polymeric heparin degradation, not to optimize the fit to data nor to validate the exact values of the parameters we determined. In Fig. 6 , experimental data (10) are compared with our simulation by using the following values, which represent best estimates based on the oligosaccharide studies reported above: The starting material is heparin of MW m 12,000 with a size distribution similar to that reported by Laurent et al. (18) ; the relative rate of endolytic to exolytic cleavage is 0.05; the relative rate of exolytic cleavage at the reducing end to exolytic cleavage at the nonreducing end is 0.0; the degree of processivity is 0.9; and the fraction of noncleavable linkages in heparin was calculated to be 0.1 from the detailed data provided in Table 1 of Linhardt et al. (19) . Given only these assumptions and no fitting to the experimental data, Fig. 6 shows good agreement of the model to the data. Hence, the conclusions of the oligosaccharide experiments are indeed consistent with the viscosity and UV data from degradation of polymeric heparin with heparinase I (10).
Implications: Subsite Model of Active Site Structure. The observed product formation profiles that we determined for defined oligosaccharide substrates have led to a heuristic two-step model for heparinase I degradation of substrate, which is consistent with data for degradation of polymeric heparin. To corroborate these observations with the structurefunction relationships that we have determined previously for heparinase I (12, 13, 20) , we propose a subsite model for the molecular interactions between heparinase I and its substrate (Fig. 7) . The active site of heparinase I (Fig. 7, black) is shown to interact with the substrate at a number of sites positioned either to the reducing side of the scissile bond (S1Ј, S2Ј, and S3Ј) or to the nonreducing side of the scissile bond (S1 and S2). Each subsite interacts with a disaccharide repeat of HLGAG and has an intrinsic binding energy ⌬G j (free energy͞residue), as defined by Jencks (21) . This intrinsic binding energy for site j corresponds to the difference in binding free energy between the enzyme and an oligosaccharide that covers site j with a terminal disaccharide, compared with the binding energy of enzyme and an oligosaccharide that is one disaccharide shorter and hence does not cover site j. Such an analysis of polysaccharide-degrading enzymes previously has been applied to ␣-amylases (22) .
The model we propose, based on the data reported in this paper, has the following characteristics: The major part of the binding energy is contributed by a hexasaccharide (i.e., most of the binding energy is attributed to three sites), which explains the low dependence of reaction rate on substrate size for hexasaccharides and larger substrates. The scissile bond is the first bond at the nonreducing side (i.e., the three sites with negative ⌬G j are sites S1, S1Ј, and S2Ј), consistent with the observation that a major product from cleavage of several substrates is T5. Occupation of the second site to the nonreducing side of the scissile bond (site S2) imposes a moderate penalty (i.e., ⌬G 2 is positive), which explains the exolytic preference as well as the nonzero rate of initial internal FIG. 6 . Changes in mass-average molecular weight (MWm) and cumulative product formation during heparin digestion with heparinase I. Results from a computer simulation (see text) are plotted (line) and compared with the experimental data (stars) of Jandik et al. (10) . MWm was determined from viscosity measurements, as described (16 95 (1998) cleavage. Finally, the major end-product from processive cleavage is the tetrasaccharide at the reducing end, indicating that site S2Ј contributes favorably and that site S3Ј does not contribute. In general, we have not made any observations that indicate that there should be significant contributions to the binding energy from sites further to the reducing side than site S2Ј (i.e., ⌬G 3Ј is close to 0). For simplicity, the favorable binding interactions (S1, S1Ј, and S2Ј) are shown as complementary shapes, and unfavorable binding interactions at subsite S2 are shown as a steric barrier. The contributions to binding may, of course, just as well arise from ionic or other energetic interactions between enzyme and substrate. Site-directed mutagenesis and biochemical studies have shown that His-203 of heparinase I is involved directly in catalysis (13) and that the primary heparin binding region (residues 195-221) encompasses basic residues on either side of this histidine (12) . This idea is consistent with the subsite model, presuming that His-203 is located immediately adjacent to the scissile bond and that residues of the substrate on both the reducing and nonreducing sides of the scissile bond are primarily involved in enzyme binding. It is important to note that this subsite model points to the possible existence of a discrete group of amino acid residues located at subsite S2 that control the exolytic preference of heparinase I. If this hypothesis is true, it may be possible to alter the exo͞endolytic specificity by site-directed mutagenesis of those amino acids.
Significance. The elucidation of the individual steps involved in heparin depolymerization by heparinases may increase the utility of heparinase I in biological systems and as tools for structural analysis of HLGAGs. For example, addition of heparinase in cell culture and in vivo experiments has been used to interpret the function of extracellular HLGAGs, which presumably are degraded by the heparinase (23). However, fragments of HLGAGs may substitute the effect of full length HLGAGs in some situations (24) . Furthermore, the length and sequence of HLGAG fragments are strong determinants for their function (25) . Hence, it is important to understand the mechanism of enzymatic HLGAG depolymerization and product formation to interpret the effect of heparinase-mediated HLGAG degradation in biological systems.
MALDI MS and CE analysis of the products from heparinase I digestion of HLGAG oligosaccharides helped elucidate the two-step mechanism of this enzyme. The initial step of the heparinase I mechanism involves a strong preference for exolytic cleavage at the nonreducing end of the substrate, although some endolytic cleavage takes place at Ϸ5% probability at each internal linkage. The second step is highly processive in the direction toward the reducing end, such that the enzyme never fully releases the product on the reducing side of the broken linkage but instead allows the substrate to slide along the active site, until the next cleavable bond is correctly positioned for catalysis (Fig.  7) . This study represents the direct determination of the individual steps in heparinase enzyme mechanism.
